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email: liu.zhengqing@rmit.edu.au
This paper predicts the acoustic properties of the porous material in a car cabin model by using 
an appropriate experimental method, and it verifies the estimated acoustic properties by 
conducting the FEM (Finite Element Method) analysis. A simplified vibro-acoustic system 
imitating a car cabin is set up. The car cabin is made of six rigid walls, and a flexible panel is 
mounted on the front firewall position. The porous material is applied to the inner surface of the 
panel and modifies the coupling between the panel and the cabin air cavity. The panel is 
mechanically excited by using an electromagnetic shaker, which is imitating the structure-borne 
noise. The radiated noise is recorded by using pressure microphones at the different locations 
inside the car cabin. Based on the model proposed, the effect of the porous material on the 
acoustic properties is investigated by using the Sound Pressure Level (SPL) at the microphone 
locations. Finally, the experimentally acquired acoustic properties of the porous material are 
compared with the numerical analysis of FEM. The simulation results show that the proposed 
model agrees well with the experiment data. The noise propagating inside the car cabin is 
predicted to be of similar level in both the experimental method and in the numerical analysis.
1. Introduction
Porous materials are extensively used in vehicle interior trim designs, e.g. dashboard, floor 
carpet, roof lining, seats and door panels. They are used to reduce the vehicle interior noise to 
enhance the cabin acoustic quality. The macroscopic sound absorbing properties of the porous 
material are expressed by the sound absorption coefficient as a function of frequency. The acoustic 
properties of the porous material effect the noise propagation inside a car cabin but have not been 
well investigated or validated by experiment. To understand the influence of the porous material in 
a car cabin by using appropriate experiment and acoustic modelling is desirable for designing, 
analysing and refining the acoustic quality of the vehicle interior trims.
The major theory of sound propagation in a porous material was established by Biot [1, 2]. In his 
theory, the three basic sound waves propagating simultaneously in the porous material, are two 
compression waves and one shear wave. Classical methods are used in the Biot theory to account 
for the displacements of both the solid and fluid phases of a porous material. The behaviour can be 
predicted very well by using the Biot theory, but the use of the many material parameters and 
degrees of freedom may create instabilities in a numerical implementation. In order to reduce the 
number of degrees of freedom in a numerical simulation for a porous material, an equivalent fluid 
model is usually used [3]. It was mainly modified and developed by Johnson et al. [4] and 
Champoux and Allard [5]. The acoustic compression wave propagating in the porous material was 
the only wave considered in the equivalent fluid model, which used the complex effective density 
and complex sound velocity [6]. Various studies have been carried out on the acoustic analysis of a 
coupled vibro-acoustic system when the porous material was added. Atalla and Panneton [7] 
presented an analytical study of the effect of porous material on the noise inside a panel backed 
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rectangular cavity. Kang et al. [8] investigated a one-dimensional model of a trim-air gap system to 
improve the acoustic characteristic of a car compartment in the low-frequency range. Nadampalli et 
al. [9] studied the finite element formulation and implementation of porous material in a coupled 
panel and air cavity system. A finite element reduction method for the porous material in a coupled 
vibro-acoustic system was presented by Rumpler [10-11]. The rectangular vibro-acoustic enclosure 
system was also used to investigate the sound absorption effect of micro-perforated panels (MPPs) 
[12].
Attention has also been paid to the optimization of the acoustic properties of the porous material 
in a coupled vibro-acoustic system. Yamamoto et al. [13] employed the concept of the mass density 
approach in topology optimisation to find the optimum thickness distribution of a multi-layered 
sound treatment inside a rectangular cavity. They have also presented a novel topology optimization 
method to minimize the Sound Pressure Level (SPL) in a panel backed cavity system when the 
porous material was added [14]. The optimization was aiming to enhance the acoustic quality for a 
vehicle passenger compartment, and to reduce the weight and cost of the vehicle interior trims.
Authors have investigated the effect of porous material on the noise inside a box cavity by using 
FEM [15]. The main objective of this paper is to predict the acoustic properties of the porous 
material on the noise level inside a simplified car cabin, by using an appropriate experiment method 
and verified it by numerical analysis. Accordingly, an experimental method is first presented to 
generate the panel radiated noise and to measure the noise level inside the car cabin. An acoustic FE 
model is then used to predict the noise propagation from a vibrating panel into the car cabin through 
the porous material. The experiment data and the simulation results are compared and discussed, in 
order to support the modelling strategy. Finally, the effect of the porous material on the noise in the 
car cabin is analysed and discussed.
2. Experiment
A simplified car cabin model was designed to investigate the acoustic properties of the porous 
material on the noise level inside the car cabin. Figure 1 shows a well-sealed car cabin model that 
was developed in the laboratory. The dimensions of the car cabin were length (Lx) × depth (Ly) × 
height (Lz) = 800 mm × 400 mm × 400 mm. The windshield has its lower end 200 mm above the 
floor with a 45o inclination angle such that the entire volume of the geometry was 1.2×108 mm3. The 
car cabin was made of six rigid walls and one simply supported flexible aluminium panel placed in 
the firewall position. The rigid walls were made of 25 mm Acrylic Glass (Plastic Center Group Pty 
Ltd.) to reduce the structure vibration. The thickness h of the aluminium panel was 3 mm, and the 
panel was carefully bolted to the car cabin in the firewall location all around its edges.
               
(a) (b)
Figure 1: (a) A simplified car cabin acoustic experimental setup; (b) car cabin model with a porous material.
The panel was mechanically excited by using a miniature electrodynamic shaker (TRIA GmbH), 
and a stringer that was carefully glued to the aluminium panel at the location of x = 0 mm, y = 200 
mm, z = 125 mm. The shaker was generating a random signal with a point force equal to 1.0 N rms 
value. In this experiment, the pressure field microphones (1/2" random-incidence condenser 
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microphone, PCB Pizotronics, Inc.) for random incidence, and LMS Test Lab were used to measure 
the output SPL inside the rigid walled car cabin. The SPL in the car cabin was measured at two 
different microphone (Mic-1 and Mic-2) locations, and the noise was analysed up to 500 Hz. Mic-1 
was near the panel at the location of x = -80 mm, y = 300 mm, z = 95 mm, and Mic-2 was near the 
driver’s ear location at x = -320 mm, y = 300 mm, z = 265 mm. 
The porous materials were cut down to 200 mm by 400 mm to fit the size of the aluminium 
panel. They were mainly made of nonwoven linen fabric. The porous material discussed in this 
paper has an average thickness of 20 mm, density ρp = 52.80 kg/m3, flow resistivity σ = 37330 
N.s/m4, tortuosity α∞ = 1.10, porosity ϕ = 0.92, viscous characteristic length Λ = 0.000192 m, and 
thermal characteristic length Λ' = 0.000384 m. 
In order to understand the effect of the porous material on the noise level inside the car cabin, the 
following cases were investigated. One case had the porous material attached to the inner surface of 
the aluminium panel and the other had no porous material. The porous material was carefully glued 
on the inner surface of the aluminium panel, and the aluminium panel-backed porous material was 
then carefully bolted to the car cabin all around the edges of the panel. The noise propagation inside 
the car cabin was measured at the same microphone (Mic-1 and Mic-2) locations with and without 
the porous material.
3. Theoretical formulation 
Figure 2 shows the schematic of a model for a car cabin that is composed of three different 
domains. They are the elastic domain (Ωe) for a flexible panel, the porous domain (Ωp) for a porous 
material, and the acoustic domain (Ωa) for the air filled with the car cabin. In this study, the edges 
all around the flexible panel are assumed to be a simply supported boundary conditions. The panel 
is vibrated by a point force F that is normal to the panel on the x-axis. It is assumed that the external 
sound radiation has no effect on the panel vibration. The sound waves are only radiated from the 
vibrating panel and propagated into the car cabin through the porous material.
                      
Figure 2: Schematic of an analytical model for a car cabin vibro-acoustic model with a porous material.
In this section, the fundamental formulations of the fully coupled vibro-acoustic car cabin model, 
and the porous material model are presented. The model of the coupled vibro-acoustic system 
including the porous material is performed using the FEM, in which the coupled vibro-acoustic 
model uses the classical formulations [16-19], and the porous material is modelled using the 
equivalent fluid formulations [3-6]. The coupled conditions and the matrix formulations are used; 
they can be found in the literature [6, 7, 12, 13, 15].
3.1 Vibro-acoustic model
Consider a thin, elastic rectangular panel with dimensions Ly × Lz, and assume that the panel has 
small deformations restricted to the x-axis normal to the panel surface. The simplified linear elastic 
equation for the panel is given by: 
. (1)
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where D is the bending stiffness related to Young’s modulus E and Poisson’s ratio v, is the 
biharmonic differential operator, ρ indicates the density of the panel, w denotes the displacement of 
the flexible portion for the panel in the outward normal direction of the panel surface. The 
boundaries of the panel are simply supported, and they are expressed as the following boundary 
conditions:
  for  . (2)
  for  . (3)
On the other hand, the air fluid in the car cabin is considered to be compressible, irrotational and 
inviscid, and the sound pressure inside the car cabin satisfies the classical wave equation given by:
. (4)
where  is the Laplacian operator, co is the speed of sound in the air, Pa is the acoustic pressure inside 
the car cabin. The continuity of velocities on the inner surface of the flexible panel SF and rigid walls 
surface SR of the car cabin is expressed by:
  on   . (5)
  on   . (6)
where ρa is the air density, w is the displacement of the flexible panel and  is the unit vector normal to 
the corresponding surface.
3.2 Porous material model
The noise propagation in a porous material is modelled by using an equivalent fluid model, in 
order to reduce the number of degrees of freedom in a numerical porous material modelling [6]. It is 
governed by a simplified Helmholtz equation for a time harmonic excitation. The equivalent fluid 
model is described by wave impedance and wave number. It includes complex effective density and 
complex sound velocity, which accounts for viscosity effects as well as the thermal exchanges with 
the connecting solid phase. The simplified Helmholtz equation to express the propagating of sound 
in the porous material is given by:
. (7)
where Pp is the complex pressure amplitude in the porous material, is the complex effective speed of 
sound which is a function of the complex effective densityand the bulk modulus K(ω) for the porous 
material. It can be calculated by . The complex effective density and the dynamic bulk modules can 
be obtained from the following equations [4, 5]:
. (8)
. (9)
where γo is the specific heat ratio, Po is the ambient fluid pressure, Pr is the Prandtl number for the 
ambient fluid, η is the ambient fluid viscosity, and ρo is the respective mass density of the fluid inside 
the porous material.
3.3 Finite element modelling
Figure 3 shows an acoustic car cabin FE model with a porous material that was developed in this 
study. For modelling the thin flexible aluminium panel, two-dimensional shell elements are used. 
The material properties of the aluminium panel are the Young’s Modulus E = 69.5 GPa, Poisson’s 
Ratio ν = 0.33, and density ρ = 2700 kg/m3. Three-dimensional solid elements are used for 
modelling both the porous material and the air in the car cabin. The air properties are the density ρa 
= 1.20 kg/m3, and the speed of sound co = 343.30 m/s (cabin inner temperature T = 20.2 oC)
1
2
3
1. flexible 
aluminium panel
2. porous 
material
3. acoustic air 
cavity
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Figure 3: An acoustic FE model of car cabin including panel, porous material and air cavity.
It should be noted that a constant damping equal to 3% for the aluminium panel and a constant 
damping of 1% for the air in the car cabin are used. Incompatible meshes are used due to the fact 
that, the mesh of the elastic panel is guided by the bending wavelength, but the air car cabin mesh is 
ruled by the acoustic wavelength (MSC ACTRAN User’s Guide). The nodal output results are for 
the same microphone locations as in the experiment setup. 
4. Results and discussion
In this section, the experimental data and the simulation results are compared, and the effects of 
the porous material on the vibro-acoustic car cabin model are discussed. 
4.1 Comparison of results
Figure 4 shows the comparison between the experimental data and the simulation results, for the 
car cabin model without porous material at the Mic-1 and Mic-2 locations. The numerical 
simulation results show good agreement with the corresponding experiment data. The comparison 
between the experiment data and the simulation results for the car cabin with the porous material 
are shown in Figure 5. It can be seen that the acoustic sound pressure responses of the coupled car 
cabin model are also well predicted in the frequency range between 50 Hz and 500 Hz when the 
porous material is present.
        
(a) (b)
Figure 4: Comparison of the sound pressure response between the experiment and simulation, for the car 
cabin model without porous material, on the microphone location of (a) Mic-1; (b) Mic-2. 
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(a) (b)
Figure 5: Comparison of the sound pressure response between the experiment and simulation, for the car 
cabin model with a porous material, on the microphone location of (a) Mic-1; (b) Mic-2. 
For both, the case of without and with a porous material, the predicted resonances and their 
corresponding peak values agree well with the experimental results for the first two resonant 
frequencies and peaks. The first two resonant frequencies and peaks are cavity resonances at 219 Hz 
and 412 Hz. There is a slight shift in the resonant frequencies of the other peaks towards the low 
frequency range. It is worthwhile noting that the resonances are substantially shifted when the 
porous material is added. In this study, the air density is much smaller than the panel density and the 
interaction between the panel and the air is not significant. Thus, the weak coupling assumption in 
the simulation is reasonable for the vibro-acoustic model. On the other hand, there might be a 
partial elastic coupling between the porous material and the panel, which increased the stiffness of 
the panel but reduced the entire volume of the car cabin when the porous material is added. 
Furthermore, in some frequency bands (e.g. frequencies above 400 Hz), the peaks are correlated but 
there are different levels of agreement between the experiment data and the simulation results. This 
is because of the frequency-limitation of the FEM method for the prediction of cabin interior noise.
4.2 The effect of porous material
Figures 6 and 7 show the experiment and simulation results for the effect of the porous material 
on the sound pressure level of the car cabin for Mic-1 and Mic-2, respectively. The results show 
that the porous material reduces the sound transmission into the acoustic car cabin, and it provides a 
reduction of the radiated sound energy at the modal frequencies compared to when the car cabin is 
not treated. On the other hand, the sound pressure level in the car cabin is reduced with a similar 
trend in both the experimental method and the numerical simulation, when the porous material is 
added. 
(a) (b)
Figure 6: Experimental results of the effect of the porous material on the SPL, (a) the SPL of Mic-1 without 
and with a porous material; (b) the SPL of Mic-2 without and with a porous material.
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(a) (b)
Figure 7: Simulation results of the effect of the porous material on the SPL, (a) the SPL of Mic-1 without and 
with a porous material; (b) the SPL of Mic-2 without and with a porous material.
The sound energy is converted into heat energy due to the thermal and viscous effects at the 
interior pores within the porous material. At very low frequencies, these transitions are isothermal, 
while at high frequency level, they are adiabatic. The results show that porous material does not 
reduce the low frequency noise effectively. This might be because the impedance of a thin hard 
backed porous material is very large at low frequencies [20].
5. Conclusions
In this paper, an appropriate simple acoustic model is developed for predicting the effect of the 
porous material on the noise propagation inside a car cabin. It is experimentally and numerically 
confirmed that the noise caused by the vibrating panel and propagating inside the car cabin can be 
reduced by applying the porous material. The results show that the car cabin sound pressure level is 
reduced by a similar amount in both the experiment and the simulation. The experimental method 
and the developed FE model give valuable information for designing and predicting the acoustic 
quality of a car cabin with a porous material. They model and explain the structure-borne noise 
propagation from the metal sheet via the porous material and into the car cabin in the low frequency 
range. The results obtained from the simple car cabin experiment and FE the model are desirable for 
designing, analysing and refining the acoustic quality of the vehicle interior trims. Moreover, the 
platform offers a good baseline for future investigations, including, for example, the thickness and 
density of the different porous materials, and the contact between the porous material and the elastic 
panel. Optimization methods are needed to further enhance the acoustic quality for a passenger 
compartment, and to reduce the weight and cost for vehicle interior trims.
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